It Takes Two te Tango:
DNA Polymerase Responses to
Replication Stress in Human Cells

Kristin A. Eckert, Ph.D.
Professor of Pathology
Gittlen Cancer Research Foundation
Penn State University, College of Medicine

National Institute on Aging
Laboratory of Molecular Gerontology

January 18, 2016

The Human Genome
67% of the genome is repetitive sequence

Repetitive sequences impact mutagenesis
and genome evolution
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The Human Genome
67% of the genome is repetitive sequence
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Perfect MS Allele Counts
~ 2.7 x 10° genome-wide Microsatellite Sequences

Interspersed tandem repeats
*Repeat motif = 1-6 basepairs
*Genic and intergenic regions
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How are repetitive sequences accurately
and efficiently replicated in human cells?

Microsatellites are Functional
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Genic Microsatellite Length Polymorphisms
Affect Disease Risk

Gene Allele Effect Disease Reference
EGFR [CAl14.22 Transcription Breast cancer Gebhardt 1999
Intron 1 efficiency Buerger 2000
Buerger 2004
eNOS [CAL17.44 Splicing efficiency  Coronary artery ~ Stang 2000
Intron 13 disease Hui 2003; 2005
HO-1 [CAlL0.30 Promoter efficiency Coronary artery  Chen 2002
disease
CFTR [GTlg.43; [T], Splicing efficiency  Cystic fibrosis Hefferson
Exon 9; severity 2004
UGT1A1 [TAlsg; Transcriptional Head/heck Bosma 1995
promoter activity cancer; Gilbert's Lacko 2010
syndrome
IL28A [TAlio.18; Transcriptional Response to IFN  Sugiyama et al
promoter activity therapy 201

Lengths of microsatellite repeats directly
affect mRNA production

How are microsatellite
sequences accurately
replicated in human cells?
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~ 1.6 million genic microsatellites
(5' and 3' UTRs, promoters, introns, exons)
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What is a Microsatellite ?

At what length does a fandem repeat
become a microsatellite?

Definition based on mutational behavior

-combined computational and experimental
approaches

Kelkar et al Genome Biology and Evolution. 2010; 2: 620-635.
Ananda, Walsh et al Genome Biology and Evolution, 2013; 5: 606-620.
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Microsatellite Mutagenesis - HSV-tk Forward Assay

GCG CGT (STR) ICT CGA
5 | 3
mRNA Ny A1165
™ | AuG g% |
Tet In-frame  ATP-binding Nucleoside-
Promoter amino acids site binding site

STR alleles reflect
common sequences and
lengths present in

STR=short tandem repeat,

microsatellite human genome
Mutations detectable: Mono Di Tetra
* Base sub.sfn‘u‘rlons AT GT/CA TTCC/AAGG
* Frameshifts (Indels)
: GIC TC/IAG | TTTCIAAAG
+ Deletions up to 5kB
AT/TA TCTA/AGAT

* Rearrangements
* Microsatellite instability

Hile et al (2000) Cancer Research 60: 1698.

Overview of the HSV-tk Mutagenesis System

Genetic Biochemical
Ex vivo (human cells) In vitro (Human proteins)
DNA Replication DNA synthesis
The image garvrvo! be The \m;(;m (:znf:(p:;c;m[er (T‘h\ Vr:::\o( be
” ‘tj\ls,s\aysc Your tomp‘u(e\ x displayed. Y ) ” - ot have
hav

e to del
the image and then

dele
insert it insert it

DNA isolation

HSV-tk Mutant Frequency
(Quantitative)

v

Mutational Specificity
(Qualitative)
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Definition of a Microsatellite

Mature Microsatellite

|
I |

GTGTGTGTGT €y GTGTGTGTGTGT

CACACACACA GTGTGTGTGTGTGTGT
[GTICA], GTGTGTGTGTGTGTGTGTGT

Polymorphic allele

Threshold lengths
Mono: 9 units

Di: 5 units . ”
Tri: 4 units birth
Tetra: 4 units

GTGTGTTTGT
CACACAAACA

Short tandem repeat

Kelkar et al Genome Biology and Evolution. 2010; 2: 620-635.
Ananda, Walsh et al Genome Biology and Evolution, 2013; 5: 606-620.

Microsatellites are Highly Polymorphic in
Human Populations

1000 Genomes Pilot-1 Data
CEU Population

100
E W DI * Polymorphism
[ - T incidence used as
s 104 Mono MS a proxy for
3 g / J_ microsatellite
B mutability
e
L SNPs
£ o1l (0.3251)
£ E
=
by N A InDels
0014 (0.0164)
0.001

Tandem repeat length (units)

G. Ananda, E. Walsh et al., Genome Biol. Evol. (2013) 5(3):606-20




Microsatellites are Stable in Mitotic Human Cells

Mutation Frequency per cell
) Motif Sequence generation x 10
Variable
Median Range
motif [ | [G/Clo 29 14-34
size { [GT/CA],, 0.21 0.18-2.0
[GTICA]46 34 2.1-11
| [TCIAG],, 2.3 0.59-7.5
Number - | rc/aG],, 9.8 6.0-28
(length)
[TC/AG]y, 21 16-25
[TTCC/AAGG], 5.6 3.8-20
sequence - | [TTTC/AAAG], 35 12-57
| | [TCTA/JAGAT], 48 36-110

Measurements performed using LCL721 cell line, derived from a normal d

Eckert et al (2002); Eckert and Hile (2009)

Mature Microsatellite Mutation Rates

LCL721 cells (MMR+)

10

10° |

MS Mutation Rate

107 .

10 Units
(N=4)

13 Units ' 16 Units ' 19 Units

(N=3)

(N=5)

(N=4)

MS Mutation Rate
3
T

LCL1261 cells (PMS2-)

10 Units
(N=3)

T
13 Units

(N=3)

16 Units
(N=3)

T
19 Units

(N=4)

[GT/ICA] Allele length

* Mismatch repair stabilizes microsatellites, but
also introduces mutational biases

Baptiste et al (2013) G3: Genes, Genomes, Genetics; Shah and Eckert (2009) Cancer Research
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It takes a village to raise a child...
Multiple DNA polymerases are required to
maintain human genome stability

Replication Specialized Synthesis
Pol alpha (a, POLA) Pol zeta (T, POLZ; REV3)
Pol delta (6, POLDI) Pol eta (n, POLH; XPV)
Pol epsilon (¢, POLE) Pol kappa (k, POLK; DINBI)
. Pol iota (1, POLI)

Repair Rev 1 (dACMP transferase)
Pol beta (§, POLB) Pol nu (v, POL N)
Pol lambda (A, POLL) - .
Pol mu (u, POLM) Mitochondrial
Pol theta (0, POLQ) Pol'.gamma (y, POLG)

Are specialized polymerases required for
accurate replication of repetitive DNA ?

In vitro HSV-tk Polymerase Assay
B o

: STR+ HSV-tk gene |
cssss TR Gapped DNA
E 5926 >\\ _ appe 3

‘ i

E 218 Reaction Buffer, Polymerase
4 dNTPs

flori yov.tk
pGEM3Zf(-)

pSS/pRS
6.1 kB

E. Coli
Selection
Wlkih~— @ <+~ (&
Cm, FUdR
HSV-tk \-/ CmR
Mutational HSV-tk
Spectra Mutant Frequency

(CmRFUdRR | CmR)

Eckert, Mowery and Hile (2002) Biochemistry 41: 10490-98.
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Replicative Polymerases Display High Accuracy
within the HSV-tk Gene

60 STR
™ 0.25 + 1 1 1
2 50 0.2 '
5 4 015
0.1
% 40 095 I I
.g HSV-tk
E 30_ yPole hPold yPold Sequences
lf (frameshift
g 20 mon“'or'S)
El Replicative
IS 10+

¢eHEOHESHE apri B x 1
(y) (h) (y) (ct) () (h) (h)

Polymerase

Replicative holoenzymes are highly inaccurate
within microsatellites

Pol § holoenzyme Pol £ holoenzyme
'Te 30 | Q'o 20
= O HSV-tk -
X 25] H STR x
Py ™
P & 154
o 204 5
=
(= =
£ 15 g 10l
b @
& 104 3 =
5 .g 5
= 5 - =
o —
- | 3
pSStu2 pSAStu2 pSStu2 pSAStu2
GT10 cA10 GT10 CA10

- The 3' to 5’ proofreading exonuclease does not
remove microsatellite indel errors

Abdulovic, Hile, Kunkel and Eckert (2011) DNA Repair 10: 497.
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Specialized polymerases are more accurate for
motif-based InDel errors

*P | i f L L STR
[¢]
K E i '
Poln I I
Folp HSV -tk
Pol a-primase Sequences
- (frameshift
yRote e | monitors)
hPol  HE
y Pol ¢ HE |
0.1 1 10 100 10°
Error Rate Ratio
GT  /HSVtk

(slippage-based errors)

Hile et al. (2011) Nucl. Acids Res. 40: 1636

Microsatellite Mutational Specificity

[GT/ICAl, <— [GT/CA],, — I[GT/CA],

/ Base \
Substitution

Error

Base Insertion Error
[GT]s G [GT]s
J

Base Deletion Error

[(‘5T14 T[GT]s [GT], TT [GT]s
|

Microsatellite Interruptions

1/20/16
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Pol « Displays a Unique Error Specificity
within Microsatellites

® Xk ok
€ 1.0
White bars: HSVitk gene errors _g_
Black bars: Microsatellite errors 2
** p=2.9 x 104 (Fisher’s) 2 %%
2
o
o
0.0 y
© © © @
S & & &
\Qo \50 K O \90
Pol k Pol &

Observed for di- and tetranucleotide microsatellites

Hile et al Nucleic Acids Res. 2012; 40: 1636-47
Baptiste and Eckert Environ. Mol. Mutagenesis 2012; 53: 787-796.

Specialized DNA Polymerases
Create Interruption Errors

[l Single Base Deletion

s[GT]n ( ( [ single Base Insertion
eries | } o\ \ ‘
! \ \ [[] Base Subst.
[TC], {
Series |

The specificity of in vitro polymerase errors is in
concordance with genome-wide analyses of
interrupted microsatellites within individual

human genomes

Ananda et al. PLoS Genetics, 2014; 10(7):e1004498.

1/20/16
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Interruptions Decrease Polymerase Errors

800+ 740

i
T g
2 600 .
X g09 iMS
& SNP APC gene
3 400 359 ¢ Exonic SNP
'g 300 —
% 200- AAAA AAA-
o 1004 96 65 ||||||||

0 5.1 15 Pure
iMS Pure iMS Pure iMS Pure
Pol ¢, Pol p Pol yy
Polymerase

Interrupting base is rarely deleted

Ananda et al. PLoS Genetics, 2014; 10(7):e1004498.

Microsatellite interruptions occur within individual
genomes

COLORS FOR COUNTS:
1. Population-specific

2. Common to 2 populations
3. Common to 3 populations
4. Common to all 4 populations 2941 2877

~11% of interrupted microsatellites lie within exons (UTRs + coding)

1/20/16
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"Life Cycle” of a Microsatellite

Mature Microsatellite

|
I |

GTGTGTGTGT €y GTGTGTGTGTGT

CACACACACA GTGTGTGTGTGTGTGT
[GTICA], GTGTGTGTGTGTGTGTGTGT

Polymorphic allele

Threshold lengths
Mono: 9 units

Di: 5 units
Tri: 4 units “birth” uagingu \

Tetra: 4 units

GTGTGTTTGT . )
CACACAAACA death [GT],4 AT [GT],
[GT], A[GT],

Short tandem repeat  n<threshold
° P [GT],..T [GT],

Interrupted Alleles

Ananda et al. PLoS Genetics, 2014; 10(7):e1004498.

How are microsatellite
sequences efficiently
replicated in human cells?

Number of Alleles (hg19)

0 10 20 30 40 50 60
MS Length, Units
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Chromosome Fragile Sites

Telomere | [TTAGGG], —
<
Rare fragile [C66], E
sites 2
Common ‘é
fragile sites [A/T], o
(CFs)* [AT/TA], é
Interstitial -
Telomere

* Low complexity A/T-rich sequences and mononucleotide A/T
microsatellites are significant predictors of aphidicolin-induced CFS
genome-wide.

Fungtammasan et al. (2012) Genome Research 22: 993-1005.

Repetitive Sequences Favor Non-B Form DNA
Secondary Structures

e

! B-DNA structure is favored in random sequences _

-

’,a B-DNA-—-NonB-DNA =0,

P/ Lfﬁ!ﬁ’:ﬁ'[\f’/\ )
$ ~Slipped BentDNA  Triplex (H)
£ | strands (A)n (TC)n
£ (M, (AAG),, Cruciforms
b (AT),
A Z-DNA Hairpins 4
an
< (GT), (AT),
A i (GC), (CAG), (TTAGGG),

1/20/16
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In Vitro Assay for DNA Polymerase Pausing

Quasipalindrome 1 FRA16D

150-2 t
Template CFs Repeat BaMmm
Elements
AT repeat 1 FRA16D  [A/T]y, [AT/TALs;
AT repeat 2 FRA16D  [A/T],, [AT/TA]g
AT repeat 3 FRA3B  [A/Tly, [AT/TA]s
AT repeat 4 FRA16D  [AT/TA],

[A/Tlig, QP36

A = constant proximal
Quasipalindrome 2 FRA16D QP B = CFS sequence
C = constant distal
Quasipalindrome 3 FRA16D QP
% Transit =
Y Products C/B+C
Shahet al. (2010) Nucl. Acids Res. 38: 1149-1162.

Walsh et al. (2013) J. Mol. Biol. 425: 232-43.

Slowed Elongation by Human Pold4/PCNA within FRA16D
Regions

191417-191713

-
=]
=3

100

®
o

@

=]

-3

=3
-]
=]

IS
S

B

o

% transit through CFS
N
o

N
=)

% transit through CFS

o

R1B R2B R3B R4B R5B
FRA16D Region

+ Slowed DNA synthesis within specific sequences
+ Strand biases observed

e Similar results observed in HelLa cell extracts

Shah et al (2010) Nucl. Acids Res.38: 1149.

1/20/16
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Pol 84 Inhibition: A/T and AT/TA Microsatellites
AT-1 (peak5 AT-2 (peak 4
tmn il TAC tmin_1  ace
i : ;.. 100mmm === m -
o] 8 * p< 0.05 relative to
lﬁ § 804 control sequence
n= ‘ 2 g0
o = — £ *
g S s L = * 401
: - 3 ~_: % 204 * * *
8 * 2 = A, - o
— = Sa-= z AT1 AT2
<< = | TAy
o & -4 3 2min
LL = == B3 5 min
= Wl 15 min
s ; Control= sequence from
=T FRA16D with high %AT
oA 5 ||= J == but no repeated motifs
5 -4 s-
P - N Xk
—! Walsh et al. (2013) J. Mol. Biol. 425: 232.

Pol 34 Inhibition: Quasipalindromes

QP1 (Region 4)

__—] TACG Hyb Motif Stem Stem self- Loop Pold
7 —~—y - length homology length TP
v - (bp) (nt)
. QP1 29 76 % 7 0.51
QP2 34 82% 3 0.38
H QP3 20 100 % 9 0.72

TP = termination probability at base of QP

' o Walsh et al. (2013) J. Mol. Biol. 425: 232.

16



hPol 34/PCNA Holoenzyme Dissociates at
Inhibitory Sequences

*

3 H
— AT —

lPoIE)/PCNA/RFC
5 min

AT ] =—

l

Add cold ssDNA to trap
dissociated pol
Monitor synthesis

Minus Plus
. trap trap -+ TA
Time,
min ‘ . 2

TA24i

il y
I .

LR 1
W

i
[T T T

0 e

1

Walsh et al. (2013) J. Mol. Biol. 425: 232.

CFS Motifs Inhibitory to Replicative Polymerases

Sequence Replicative Polymerase
Motif* Pol 84 ¢ (cat) o-
primase
Microsatellites
[A/T]g +/-
[A/T] + + +
[A/Tl,, +
[A/Tl,q +++ +/- ++
[AT/TA], -
[AT/TA],,; +/- ++ ++
[AT/TA],¢ ++
Inverted repeats
29 nt stem (100%) ++
36 nt stem ( 75%) +++ +++ ++
37 nt stem (82%) +++

* Strand biases observed

Consistent with
.— genome-wide
features

1/20/16
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Do specific trans-acting replication proteins
alter DNA synthesis progression?

WRN

Polymerase-
interacting proteins
(RecQ helicases)

WRN facilitates hPol 84 progression: Microsatellites

Peak 5 WRN _ +
WRN | - | - + | - + _
ATPyS | ~| - + | + - S
XWRN | - * = | =
TA TA,,; :
el & ® i -
S - a - - " A28 '=§
s i =
gl - LR s
5
3| % transit  12% 72%
] s s B
o 5 B : B . .
=) |f F Neither helicase nor
~ g exonuclease activities
= of WRN are necessary

for pol & stimulation

Shah et al (2010) Nucl. Acids Res.38: 1149.
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WRN facilitates hPol 4 progression: Hairpin Structure

Region 4B

WRN - - +
ATPYS - - +
X-WRN - + -

TA— | — ——

- * WRN has no effect
— = on pol 6 synthesis
}7.6% -WRN

efficiency through
77%+WRN control sequences

LN
m

1
RN

L R

[INne s B
ik

I o 5 “lll

WRN effect due to
direct interaction with
= ' either Pol & and/or
the DNA template

i Bl =
I.H‘

CFS sequence
T

f 1

Do specific trans-acting replication proteins
alter DNA synthesis progression?

Polymerase
Pols n.k jgentity

\ ~\
] N\ N 5*%} 2

y /)
"’\I\«

1/20/16
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Y Family polymerases display efficient synthesis through
CFS repeat elements

hPol hPol k AT1 QP1 hPol
—1 — 2 100 POIM  # 2100, POIm 2 - _—
e ~| W 5 * H . —
g o . g w0
c w ==
" = Es
1) - R =
- =73 £, [ a
= Poln * p< 0.05 relative = Poly | =4
= @2 to control 8 = 7
s |[=8 oo PolX , pc05relative £ ) Polx » EE||E F
e || <8 £ x toPols £ ®° [ !
=] = £ ]
E % E 6o E; !E:
= = 3 x 4o § =
== = E| 5 & 204 - -4
£ - wie| E E - s_
g= =" = = = 8 S -
= -3 FE - ||=z
= 3 =3 € -

Common 3 polymerase reaction conditions:
KPO, buffer (pH7.6)

80% extension of control template Bergoglio et al. (2013) J. Cell Biol. 201: 395-408.

Walsh et al. (2013) J. Mol. Biol. 425: 232-243.

tel

Genome Primary  Secondary Origin Gene Chromatin
Featur‘es sequence structure Density expression structure

appicicain’ e Sl O ey
HOW ARE DNA POLYMERASES
REGULATED IN RESPONSE TO
REPLICA'_I'ION STRESS?

* + Mitosis

(o
Genome FS breakage

Stability *

Ryan Barnes, unpublished Structural Variation

1/20/16
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Diverse functions of DNA Polymerase n

1. During natural, targeted mutation
— immune cell somatic hypermutation

2. At DNA lesions during replication (translesion
synthesis)
— UV photoproducts; cis-platinum adducts

3. Common fragile site replication

It Takes Two: DNA Polymerase
Cooperation

TTTTTTTTTITTITTITTTT)

G enera I A

Replicative

model |
J_l_l_l_l_I_I.J_I_J_I_LI_LJ:[Z j_l

F

Q0

Polymerases

T
I.
Taken from: Pages and Fuchs (2002)

Does polymerase exchange take place at inhibitory
CFS-derived sequences?

1/20/16
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In vitro assay to examine DNA polymerase

(1) RFC loading
of PCNA onto
primed ssDNA
templates

(2) Pol 8 HE
formation and
initial synthesis

QI ——
Q- —

+ Pol 54

cooperation

PCNA REC

" Add Pol 54

w

© 37°C, 5 min

—. Equal activity
+ Pol n (x)
O 3 -0r- (control)

N/

Monitor synthesis

At 15 min
(T>)

Specialized Polymerases Efficiently Exchange
with a Moving Pol & Holoenzyme

+Mn +K +§
- > 2 3 d+k 5+
5 2 50, 000 A
E g P
-— g 604 i
R fra .
- <
= 2 a0 .
_ = = < T
= : £
- = = =20 _L
= =
E oo >
(7] N
s = = & & & R
U -e - 60
- - &
=3 £ o
= &
== 2 Mono- Pol v reaction
= = .
=E =8 I % transit = 38%
e —
== a
8 O 5 % transit

*Significantly different
from § control
reactions; P<0.05

N=3
independent
reactions

1/20/16
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Pol n Error Signatures are Present at CFS Inhibitory

Motifs in Dual Polymerase Reactions

CC Synthesis FRA16D IR1
C
53 T
cT C c C
cCT G A A cC AC CC C AC A
GATATACACCTGGAGTGTGTGCCCTTTTCTACTTGCATTACACTTTTTTTTTTITTTITTTITT
cC G C CC CCCC ccGC
C A
A IR36i C
C C C s
GAGATGGCGTCgTGCTCTG'IC'TGCCCAGGCTG(X%GTGCAGTGGCGATCTCAGCEEACTG
C
c C
CAACCTCCGACTCCCA
CAACCTCCGACTCC GT;I\'CAAGCGAT % Of Errors
Pol 1 only: BDNA  Repetitive DNA
2.2x103 errors/nt (N=105 clones) Pol n 59% 41%
Pol § only: Pol 6 +n 25% 75%
0.1x10-3 errors/nt (N=60 clones)
Pols 1+5: Fishers exact test — P=0.017

1.7 x 10 errors/nt (N=94 clones)

Hpold4, but not Polr is Inhibited by APH

pold4 poin

=
o]
2
s
E3

No Pol

A B CDE FTACGA B C D E F

.—

— A =H,0 control

E = 100ug/mL APH
F = 200ug/mL APH

% Transit

Hpold4 Poln
APH Conc, ug/mL

B = ETOH control Template =
C = 25ug/mL APH PGEM 3Zf (-)
D = 50ug/mL APH +PCNA/RFC

0 (H20)
0 (ETOH)
2

200

1/20/16
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Replication Stress and Genome Instability

Environment DNA Replication
Inhibition
‘,: — l (arrest/toxicity)
ALY Replication
’i 3% B Stress™ Checkpoint
) x5S k\/ (tolerance/survival)
Replicative

Polymerases

Engagement of
*Sources of replication stress: Specialized Polymerases
* Replicative polymerase inhibition

(drug or non-B DNA) \

* DNA lesions (e.g., cis-platinum) Error-Prone
* Altered dNTP pools (e.g., 5-FU) +

* Topological strain (e.g.,
topoisomerase inhibitors)

» Oncogenes (e.g., c-myc, H-Ras)

MUTATIONS ?

It takes a village to raise a child...
Multiple DNA polymerases are required to
maintain human genome stability

Replication
Pol alpha (o, POLA)*
Pol delta (0, POLDI1)*
Pol epsilon (g, POLE)*

Specialized Synthesis

Pol zeta (T, POLZ; REV3)
Pol eta (, POLH; XPV)*

Pol kappa (x, POLK; DINBI1)*
Pol iota (v, POLD*

Repair
Pol beta (, POLB)*
Pol lambda (A, POLL)
Pol mu (u, POLM)
Pol theta (0, POLQ)

* Studied in the Eckert laboratory

Rev 1 (dCMP transferase)
Pol nu (v, POL N)
PrimPol *

Mitochondrial

Pol gamma (y, POLG)

24
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Perspective

The number-and wide ranging activities of

mammalian DNA polymerases may reflect

the biochemical complexity of completing
replication of a repeat-dense genome.
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